BACKGROUND: Exposure to acetaminophen and its metabolites in very-preterm infants is partly unknown. We investigated the exposure to acetaminophen and its metabolites upon 10, 15, or 20 mg/kg intravenous acetaminophen in preterm infants. METHODS: In a randomized trial, 59 preterm infants (24-32 weeks' gestational age, postnatal age o1 week) received 10, 15, or 20 mg/kg acetaminophen intravenously. Plasma concentrations of acetaminophen and its metabolites (glucuronide, sulfate, cysteine, mercapturate, and glutathione) were determined in 293 blood samples. Area under the plasma concentration-time curves (AUC 0-500 min ) was related to dose and gestational age. RESULTS: Between 10 and 20 mg/kg dose, median AUCs of acetaminophen, glucuronide, sulfate, and cysteine increased significantly resulting in unchanged ratios of AUC of metabolite to acetaminophen. The AUC ratio of glucuronide to acetaminophen increased with gestational age, that of sulfate decreased, and the ratio of cysteine and mercapturate remained unchanged. CONCLUSION: We found a gestational-age-dependent increase in glucuronidation but no evidence for saturation of a specific pathway as there was a proportional increase in exposure of acetaminophen and all metabolites. Compared with adults, very low exposure to glucuronide but higher exposure to sulfate, cysteine, and mercapturate metabolites was found, of which the relevance is not yet known.
P reterm infants treated in neonatal intensive care units are often exposed to repetitive or prolonged pain (1, 2) . Opioids and nonsteroidal anti-inflammatory drugs potentially relieve the pain but may result in serious side effects and potential harm to critically ill preterm infants (3) . Intravenous acetaminophen as an opioid-sparing therapy in adults and children has now been introduced in neonatal intensive care units across the globe (4) . However, only very limited data of its use are available in the most preterm infants (5, 6) .
Acetaminophen (N-acetyl-p-amino-phenol) is extensively metabolized in the liver. The main pathways involved are glucuronidation and sulfation, which in adults account for 55 and 30% of acetaminophen metabolism, respectively (7-9) ( Figure 1 ). Only 2-5% is excreted unchanged in the urine. Approximately 5-10% of acetaminophen is metabolized by cytochrome P450 (CYP), primarily by the CYP2E1 enzyme (10) (11) (12) , to the toxic metabolite N-acetyl-p-benzoquinone imine (NAPQI) (7, (13) (14) (15) . At therapeutic doses, NAPQI is immediately inactivated by conjugation with gluthatione. After formation of acetaminophen-glutathione, acetaminophen-cysteine and acetaminophen-mercapturate are formed consecutively. Without this detoxification route, NAPQI can bind covalently to cellular proteins and form toxic protein adducts, which may cause mitochondrial dysfunction and early oxidant stress (16) (17) (18) . This, ultimately, may result in liver cell necrosis (19) .
Neonates have a lower total acetaminophen clearance per kg bodyweight compared with adults, with proportionally higher sulfation and lower glucuronidation (20) (21) (22) . Acetaminophen sulfation is mainly catalyzed by SULT1A1, 1A3/4, and 1E1 (ref. 23) , of which several sulfotransferase enzymes are already widely expressed in fetal tissue (18-25 weeks) (24) . Glucuronidation of acetaminophen mainly occurs by UGT--1A6, and to a lesser extent by 1A9 (ref. 25 ). Low glucuronidation rates have also been shown for morphine in preterm and term infants (26) . There are, however, very limited data available on the exact contributions of the different pathways in paracetamol metabolism in preterm infants and particularly with respect to the CYP2E1-mediated oxidation pathway in neonates with a gestational age below 28 weeks.
To gain more insight in the contributions of the different metabolic pathways upon increasing doses of acetaminophen, we studied the exposure to acetaminophen and all of its metabolites in the most premature neonates. To this end, preterm infants were stratified for gestational age (24-28 and 28-32 weeks) and randomized to receive an intravenous dose of 10, 15, or 20 mg/kg acetaminophen.
METHODS

Patients
From October 2010 to October 2013, a randomized, two-center trial was performed at the level three Neonatal Intensive Care Units of the Erasmus Medical Center-Sophia Children's Hospital in Rotterdam and Isala Clinics in Zwolle, the Netherlands. Approval of the Ethics Review Committees of both hospitals and written informed consent from parents/legal guardians were obtained before study initiation (MEC-2009-250, National Trial Register 2290).
All preterm neonates with a gestational age ≤ 32 weeks with an indwelling arterial catheter for clinical purposes, undergoing central venous catheter placement in the first 7 days of life, were eligible for inclusion. Exclusion criteria were as follows: major congenital anomalies, intraventricular hemorrhage ≥ grade 3, use of neuromuscular blockers, previous acetaminophen, and maintenance dose of analgesics or more than one loading dose of morphine or midazolam any time before inclusion in the study.
Study Design
Neonates. Sixty neonates were randomly allocated to 10, 15, or 20 mg/kg bodyweight of intravenous acetaminophen (Perfalgan, Bristol-Meyers Squibb, Utrecht, the Netherlands). The dosages were based on extrapolation of the intravenous dosages of the prodrug propacetamol used in older preterm infants (25) . Patients were stratified for gestational age-i.e., 30 neonates aged 24-28 weeks' gestational age and 30 neonates aged 28 1/7 -32 weeks' gestational age. Acetaminophen was administered via a 15-min infusion before peripheral central venous catheter placement within the first week of life. Five blood samples (0.2 ml per sample) were collected at different sample schedules, which were based on previous pharmacokinetic data on acetaminophen in neonates by Allegaert et al. (6) . Samples were randomly taken either at T = 0 (before start of acetaminophen administration), 20, 60, 240, and 540 min or at T = 15 (after the acetaminophen infusion was completed), 30, 120, 360, and 720 min. Investigators, nursing, and medical staff taking care of the subjects were blinded for the administered dose of acetaminophen.
Drug Assay
Acetaminophen, acetaminophen-glucuronide, acetaminophen-sulfate, acetaminophen-glutathione, acetaminophen-cysteine, and acetaminophen-mercapturate were measured using high-performance liquid chromatography-electrospray ionization-tandem mass spectrometry at the Center for Human Toxicology, University of Utah (Salt Lake City, UT) (27) . The assay was linear over 0.05-50 μg/ml for acetaminophen, acetaminophen-glucuronide, and acetaminophen-sulfate and over 0.025-5.0, 0.01-5.0, and 0.01-1.0 μg/ml for acetaminophen-glutathione, acetaminophen-cysteine, and acetaminophen-mercapturate, respectively. The lower limits of the ranges represent the lower limits of quantification (LLOQs) of acetaminophen and its metabolites. The lower limit of detection for acetaminophen-glutathione was 0.1 ng/ml. Intra-and inter-assay accuracies ranged from 80 to 112%, and intra-and inter-assay imprecisions did not exceed 15%.
Data Reporting and Statistical Analysis
Acetaminophen metabolite concentrations were converted to μmol/l molar acetaminophen equivalents using molecular weights for each of the metabolites. Data clearance was performed before AUC calculation; the first time a concentration was below LLOQ, this value was set to 0.5 × LLOQ for that component. If a level was below LLOQ at two consecutive moments, this value was set to 0 μmol/l. The area under the plasma concentration-time curve for acetaminophen and metabolites over 0-500 min (AUC 0-500 min ) for each individual patient was calculated by noncompartmental analyses using WinNonLin software package (version 6.3; Pharsight, Mountain View, CA) and the linear-log trapezoidal rule.
In a per protocol analysis, Kruskal-Wallis tests with post hoc multiple comparison were applied to test for statistical differences in the median AUC 0-500 min values of acetaminophen and metabolites, as well as the median AUC 0-500 min ratios of acetaminophenmetabolite to acetaminophen between dose groups. Linear regression analysis was used to identify an association between AUC 0-500 min ratios of each metabolite to acetaminophen and gestational age. A multivariate regression analysis was performed to analyze the significance of small for gestational age (SGA) on the AUC 0-500 min ratios of the different acetaminophen metabolites to acetaminophen. Therefore, the three dosage groups were converted into two dummy variables. Two-sided P valueso0.05 were considered statistically significant. Data were analyzed using SPSS version 22 (IBM, Armonk, NY).
RESULTS
Patients and Data
In total, 266 neonates were assessed for eligibility, of whom 60 were randomized to receive acetaminophen in a dosage of 10, 15, or 20 mg/kg intravenously. Data of one patient in the 20 mg/kg dose group were excluded from analysis because AUC 0-500 could not be calculated because of incomplete sampling data. In total, 293 samples were available, of 59 preterm neonates with a median gestational age of 27.9 weeks (range 24.0-31.1 weeks) and a median birth weight of 953 g (range 462-1550 g) treated with acetaminophen ( Table 1) . One subject in the 10-mg/kg group, who was suspected to be an outlier with high AUCs for all components, may have received a higher dose of acetaminophen, although this could not be confirmed. 
Exposure of Acetaminophen and its Metabolites in the Three Dose Groups
The AUC 0-500 min of acetaminophen and its glucuronide, sulfate, and oxidative metabolites in the three dose groups are shown in Figure 2 . As concentrations for acetaminophenglutathione were low, AUC 0-500 min for this metabolite could not be calculated (59 samples above limit of detection in 27 neonates; 1 above LLOQ). For the other analytes, the percentage of samples below LLOQ was less than 10%, except for acetaminophen-glucuronide with 15% below LLOQ. The median AUC 0-500 min of acetaminophen and its metabolites increased significantly with dose, except for acetaminophen-mercapturate ( Figure 2) . To correct the AUC 0-500 min of the metabolite for the AUC 0-500 of acetaminophen in each specific subject, ratios of median AUC 0-500 min acetaminophen metabolite to acetaminophen were calculated. No significant difference in AUC ratio for any of the metabolites was found between the dose groups ( Figure 3 ). Articles | Flint et al.
Metabolism of Acetaminophen in Relation to Gestational Age
association was found between acetaminophen-glucuronide and gestational age (slope = 0.0054, P = 0.020, R 2 = 0.089). For acetaminophen-sulfate, a negative association with gestational age was found (slope = − 0.093, P = 0.001, R 2 = 0.174). Paracetamol-cysteine and mercapturate were not associated with gestational age: P = 0.638 and P = 0.124, respectively ( Figure 4) . Subjects with suspected outlying values were checked, but none could be explained. Therefore, all were kept in the analyses.
Multivariate regression analysis showed that SGA was not a significant covariate for any of the ratios of AUC 0-500 min acetaminophen-metabolite to acetaminophen. SGA showed a trend toward significance for the ratio of AUC 0-500 min acetaminophen-sulfate to acetaminophen (P = 0.075, B = − 0.219).
DISCUSSION
In this study, we have quantified the exposure to acetaminophen and its metabolites in very-preterm infants with a gestational age ranging from 24 to 32 weeks after a single dose of either 10, 15, or 20 mg intravenous acetaminophen per kg bodyweight. Analysis showed that the higher the dose, the higher the exposure, which theoretically can also result in higher efficacy. Importantly, a dose-related increase in exposure was found for none of the acetaminophen metabolites when corrected for the exposure to acetaminophen in each patient. Furthermore, no saturation was noticed for sulfation even after administration of 20 mg of acetaminophen per kg bodyweight. This is particularly of clinical relevance because in preterm neonates the glucuronidation capacity is still low (28) and the oxidative CYP2E1 pathway is potentially hepatotoxic. The contributions of both the nontoxic sulfation and the glucuronidation pathway in relation to the administered dose are important from a safety point of view because it is the CYP2E1 pathway that is involved in liver toxicity (18) .
The finding that with advancing gestational age the contribution of glucuronidation to acetaminophen metabolism increased, while sulfation decreased, might indicate intrauterine maturation of glucuronidation between 24 and 32 weeks, as postnatal age at the time of dose was comparable at different gestational ages. Glucuronidation capacity is low after birth (29) and increases with bodyweight and/or postnatal age as was shown for morphine (21, 26) . Theoretically, it could be postulated that the increase in glucuronidation of acetaminophen with gestational age is related to decreased sulfation. However, given that this increase in glucuronidation capacity was also shown for morphine, the main driver of these changes seems to be the increasing glucuronidation capacity after birth. In addition, in adults, in whom glucuronidation is at the maximum capacity, sulfation is of less relevance. Another reason for lower exposure to acetaminophen sulfate with gestational age could be an increased renal elimination clearance of acetaminophen sulfate (30) .
With sulfation being the main pathway for acetaminophen in preterm neonates, and with glucuronidation increasing after birth, an important question is what the relevance is of the exposure to metabolites mediated by CYP2E1 in preterm infants. Plotting the AUC 0-500 min of acetaminophen and its metabolites from our study (standardized to a dose of 15 mg/ kg) vs. the AUC 0-500 min from a previously published study in adults (standardized to a dose of 1,000 mg corresponding to 14.4 mg/kg) (31) revealed comparable acetaminophen exposure between neonates and adults (P = 0.296; Figure 5 ). In contrast, not only the AUC of acetaminophen-sulfate but also those of acetaminophen-cysteine and acetaminophen mercapturate were higher in neonates (i.e., 2.9-, 3.4-, and 4.6-fold higher (all Po0.001)). As expected, the AUC 0-500 min of acetaminophen-glucuronide was 18.5-fold lower in neonates compared with adults (Po0.05). Immature glucuronidation potentially leads to higher exposure to the potentially toxic CYP2E1 metabolites, NAPQI, and proteinderived acetaminophen-cysteine (18, 23) . The level of exposure to acetaminophen-glutathione, acetaminophen-cysteine, and acetaminophen-mercapturate has been claimed to be a measure for exposure to the toxic CYP2E1-metabolites, NAPQI, and protein-derived acetaminophen-cysteine (23) . We emphasize, however, that in the present study the metabolite concentrations were obtained after a single dose without reaching steady state, which limits the use of exposure for calculating the percentage that is being eliminated through a specific pathway. Next to acetaminophen-cysteine and acetaminophen-mercapturate, however, acetaminophenglutathione was detected in 27 of the 59 preterm neonates. Although these concentrations could not be quantified within the validated range of the assay and need to be interpreted Figure 5 . Boxplots of AUC 0-500 of acetaminophen and its metabolites in preterm neonates (n = 59, 15 mg/kg) compared with data from adults (n = 8, 1,000 g or 14.4 mg/kg) (31) . The AUC 0-500 min of acetaminophen and all of its metabolites in preterm neonates is standardized to a dose of 15 mg/kg vs. the AUC 0-500 min in adults standardized to a dose of 1,000 mg (corresponding to 14.4 mg/kg). Acetaminophen AUC 0-500 min is comparable between neonates and adults (Mann-Whitney test, P = 0.296). In contrast, the AUC 0-500 min of acetaminophen-sulfate, acetaminophencysteine, and acetaminophen-mercapturate was 2.9-, 3.4-, and 4.6-fold higher in neonates, respectively (Mann-Whitney test, all Po0.001). The AUC 0-500 min of acetaminophen glucuronide was 18.5-fold lower in neonates compared with adults (Mann-Whitney test, Po0.05). The boxes indicate the interquartile ranges, and the whiskers indicate the minimum and maximum ranges. Significance of Mann-Whitney test was indicated with *Po0.05; **Po0.01; ***Po0.001.
# Indicates one AUC value of 96,468 μmol·l/min, which is the maximum value.
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with caution, acetaminophen-glutathione was undetectable in a study in adults (31) . Undetectable acetaminophen-glutathione levels in adults may be the result of faster transformation into acetaminophen-cysteine and subsequently into acetaminophen-mercapturate. Another possible explanation is the fact that in adults a smaller proportion of acetaminophen is metabolized through the oxidative pathway.
The detectable concentrations of acetaminophen-glutathione in a substantial number of neonates in the present study add up to the higher exposure of the cysteine and mercapturate metabolites when compared with adults ( Figure 5 ). An important question therefore pertains to the safety of intravenous paracetamol in preterm infants. So far, there is only limited evidence on the safety of acetaminophen in neonates below 32 weeks. Prior studies on (multiple) acetaminophen dosages from 10 to 20 mg/kg in preterm neonates up to 60 mg/kg/day for 9 days have not reported associations with hepatotoxicity (32) (33) (34) (35) . Nevertheless, prolonged administration of acetaminophen in these vulnerable neonates may pose a problem. Van Ganzewinkel et al. (33) , however, found no depletion of glutathione in very-preterm neonates after five 6-hourly doses of 7.5 mg/kg acetaminophen. As such, it seems too early to draw conclusions from the concentrations of cysteine and mercapturate measured in our study. Future research in preterm neonates should focus on the association between NAPQI protein adducts and hepatotoxicity. Advanced detection of even low-grade hepatotoxicity seems important when further considering acetaminophen as analgesic for preterm neonates. Intravenous acetaminophen in a dose as high as 60 mg/kg per day has also been proposed as an off-label treatment of patent ductus arteriosus in preterm neonates (35) (36) (37) (38) . Clearly, and particularly in those cases, its safety needs to be further studied. Despite the strengths of this study, such as the relatively large scale, the stratification into two gestational age groups, and randomization to three different dosages, the fact that only a single dose was evaluated may be a limitation. Furthermore, the last sample was drawn at 9 or 12 h after dosing. Hence, for the AUC calculation we interpolated our data to 500 min after dosing. The number of blood samples per newborn was limited for ethical reasons. Sampling at later time points would have provided more insight in the exposure to the metabolites on a longer term. More data on both pharmacokinetics and safety are needed on prolonged acetaminophen administration, particularly with respect to the CYP2E1-mediated metabolites. In addition, pharmacokinetics studies of consecutive doses above 10 mg/kg have not been performed in very-preterm neonates, with even higher dosages gaining more interest with expansion of indications. However, the question is whether doses higher than 10 mg/kg are actually needed when acetaminophen is used for analgesia. To date, in the absence of more evidence, the optimal approach for providing analgesia in preterm neonates seems to aim for similar acetaminophen concentrations as in older children and adults. Using this approach, Wang et al. (22) proposed for preterm neonates weighing up to 1,500 g a 12 mg/kg loading dose, with which the target concentration of 9 mg/l is immediately reached, followed by a maintenance dose of around 6 mg/kg administered four times daily. Their estimated acetaminophen clearance of 0.25 l/h/kg was recently confirmed with a reported 0.15 l/h/kg by Cook et al. (20) . Furthermore, it is important to realize that the concentrations of metabolites are not only determined by the fraction of the dose that is transformed into each metabolite but also by the metabolites' volume of distribution and rate of elimination. Differences in exposure between preterm infants and adults may therefore not only be caused by an increased formation but also by differences in volume of distribution or reduced elimination of the metabolite in question. Another issue is the quantification of acetaminophen-glutathione, and more specifically the instability of acetaminophen-glutathione after sample collection (27) . Hydrolysis of acetaminophen-glutathione quickly transforms it to acetaminophen-cysteine, presumably by gamma-glutamyl transpeptidase and dipeptidases. This might lead to an underestimation of the concentration of glutathione at the time of sample collection, and may lead to an increased acetaminophen-cysteine concentration. For future research, addition of peptidase inhibitors during sample collection could prevent or reduce this degradation.
CONCLUSIONS
In this study, we found that acetaminophen glucuronidation is low in very-preterm infants and increases with gestational age, already detected from 24 to 32 weeks of gestation. Exposure to acetaminophen-sulfate was high, but did not show saturation, not even after administration of 20 mg acetaminophen per kg bodyweight, which is a relevant and comforting finding for clinical practice. Compared with adults, a more than threefold increase in exposure to sulfate, cysteine, and mercaptopurine metabolites was found, which calls for future investigation on the complete maturation of acetaminophen metabolism during infancy. Furthermore, further research is required on the efficacy and safety of acetaminophen in the smallest newborns, as well as in older infants, and with respect to prolonged acetaminophen dosing.
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